Advanced age in rats is associated with a decline in spatial memory capacities dependent on hippocampal processing. As yet, however, little is known about the nature of age-related alterations in the information encoded by the hippocampus. Young rats and aged rats identified as intact or impaired in spatial learning capacity were trained on a radial arm maze task, and then multiple parameters of the environmental cues were manipulated to characterize the changes in firing patterns of hippocampal neurons corresponding to the presence of particular cues or the spatial relationships among them. The scope of information encoded by the hippocampus was reduced in memory-impaired aged subjects, even though the number of neurons responsive to salient environmental cues was not different from that in young rats. Furthermore, after repeated manipulations of the cues, memory-intact aged rats, like young rats, altered their spatial representations, whereas memory-impaired aged rats showed reduced plasticity of their representation throughout testing. Thus changes in hippocampal memory representation associated with aging and memory loss can be characterized as a rigid encoding of only part of the available information.
Diminished memory capacity is a well known concomitant of aging in humans (Craik, 1990; Rapp and Heindel, 1994) and animals (Barnes, , 1988 DeToledo-Morrell et al., 1988; Gage et al., 1988; Rapp and Amaral, 1992; Rapp and Heindel, 1994; Gallagher et al., 1995) . Across all species studies have found that the memory deficit associated with aging is characterized by large variability in cognitive capacities so that some aged subjects perform as well young subjects, whereas others show severe impairment (Markowska et al., 1989; Bachevalier et al., 1991; Rapp and Amaral, 1992; Gallagher et al., 1993) . Many experiments have identified anatomical, molecular, and physiological markers of memory impairment in the hippocampal region of aged animals and humans (Barnes, 1979 (Barnes, , 1988 DeToledo-Morrell et al., 1988; Gage et al., 1988; Rapp and Amaral, 1992; Gallagher et al., 1994; Rapp and Heindel, 1994; Grady et al., 1995; Rapp and Gallagher, 1996) , but few studies to date have characterized age-associated changes in the nature of information encoded by neurons in the brain.
In rats aging results in an impairment in spatial learning and memory. Spatial learning in rats is strongly dependent on hippocampal function (Morris et al., 1982) , and the firing patterns of hippocampal pyramidal cells correlate with the spatial location of an animal in the testing environment during exploratory behavior (O'Keefe and Nadel, 1978) . The firing pattern of such hippocampal "place cells" is controlled by spatial and other relationships among multiple environmental cues and ongoing behavior and may reflect higher-order memory processing (O'Keefe and Nadel, 1978; Muller and Kubie, 1987; Eichenbaum, 1996) .
The activity of place cells in rats exploring a maze can be influenced by both distal (extramaze) and local (intramaze) cues (Young et al., 1994) . Furthermore, aged rats can succeed as well as young rats in maze learning when performance is guided by specific intramaze cues (Barnes et al., 1987) , suggesting that hippocampal processing of intramaze cues is intact in aged animals. In addition, rats with fimbria-fornix lesions switch from using extramaze cues to intramaze cues when both are available to solve a radial arm maze task (M'Harzi and Jarrard, 1992) , and hippocampal place cells in fornix-damaged rats are controlled by intramaze cues (Shapiro et al., 1989) . These findings suggest that compromise in hippocampal function, including aging, results in changes in the firing patterns of hippocampal neurons characterized by a reduction in the control by spatial relations among distal extramaze cues and corresponding increases in control by single cues and local intramaze stimuli. In addition, one might expect hippocampal neurons of aged rats to be less likely to develop any spatial firing correlate; that is, there might be fewer place cells in the aged hippocampus. The present study focused on the possibility that age results in alterations of the nature of environmental cues encoded by the hippocampus and on the plastic alterations in information coding when the spatial cues are manipulated.
MATERIALS AND METHODS
Subjects. Seven young (4 -6 months, 350 -450 gm, at the beginning of the recordings) and seven aged (25-29 months, 450 -600 gm) male LongEvans rats served as subjects. All rats were received at 3-4 months of age as retired breeders and were individually housed in large cages through-out the experiment. During the entire experiment all rats were maintained on a 12 hr light/dark cycle and given ad libitum access to water. Access to food was controlled to prevent weight increase during the experiment. The health of the aged rats was followed by monitoring their food and water consumption and general health. When the brains of the rats were removed for histological verification of the electrode marks, all brains were carefully inspected for tumors. One of the aged rats had a noninfiltrating cerebellar tumor. Because the place fields and behavior of this rat did not differ from the others, the rat was included in the study. The aged rats were prescreened for performance in the Morris water maze task at the University of North Carolina at Chapel Hill and then transported to the State University of New York at Stony Brook (Stony Brook, NY) for the recording studies. Three of the aged rats had spatial learning scores within the performance range of young adult rats (Gallagher et al., 1993) and were therefore considered memory-intact. Four of the aged rats had learning indices outside the range of young rats and were therefore considered memory-impaired. The experimenter conducting the recordings was blind to the learning indices of the aged rats.
Electrodes and surgery. The recording electrode consisted of a twisted bundle of four 30 m Formvar-coated nichrome wires of equal length (a tetrode) plus two single wires cut 200 -500 m shorter that served as indifferent electrodes. The electrode bundle was strengthened with super glue and inserted into a 29 gauge cannula. The cannula was attached to a custom microdrive with a connector (Hetherington and Shapiro, 1996) . The stimulating electrode consisted of a twisted pair of Formvar-coated 100 m stainless steel wires that differed in length by 300 -500 m.
The animals were anesthetized with ketamine (50 mg / kg) and xylazine (7.5 mg / kg, i.m.) and supplemented with ketamine (20 mg / kg) when necessary. Stimulation electrodes aimed for the lateral hypothalamus were implanted at 0.5 mm posterior and 1.5 lateral to bregma and 7.7 mm below the pial surface (tip of the longer wire). The tetrode aimed at dorsal CA1 was implanted at 3.3 mm posterior and 2.0 lateral to bregma and 1.5-1.9 mm below the pial surface. The microdrive and the connector were attached to the surface of the skull by dental cement and four stainless steel screws, two of which also served as the electrical ground.
Unit recording and data acquisition. Seven to 10 d after surgery rats were screened once or twice daily for unit activity. If no pyramidal cell activity was identified, the tetrode was advanced 40 -80 m. After each recording session the electrode was advanced 80 m and allowed to settle at least 24 hr to ensure that the same units would not be recorded repeatedly. Only complex spike cells (Ranck, 1973) with a duration of the negative spike of more than 300 sec and a signal-to-noise ratio of more than 3:1 were sampled for this study. Neural activity was first passed through a source follower on the rat's head stage and then differentially amplified (5000 -10,000 times) by an AC amplifier (AM-Systems Inc.) and then bandpass filtered (0.3-5 kHz) and digitized (25 kHz, Data Translation DT2821) using an IBM compatible 486-based personal computer and Enhanced Discovery software (DataWave Technologies Inc.). Unit isolation was initially achieved on-line using the Spike Sort module of the Enhanced Discovery software and then confirmed or redefined off-line using Autocut software (DataWave Technologies). Most units were recorded with the tetrodes, but occasionally the indifferent wires also yielded units with a high signal-to-noise ratio, fulfilling the criteria for complex spike neurons, and were included in the study. In both cases, units were isolated by identifying clusters defined by waveform parameters (McNaughton et al., 1989) . The recordings were considered stable if the clusters remained within the same fixed boundaries throughout the experiment (Fig. 1) .
The position of the rat in the maze was determined by a video camera following system (DataWave Technologies) that tracked two incandescent light bulbs mounted on the head stage assembly. One of the light bulbs was bright, and the other was dim, and they were separated by 6 cm. The location was digitized in the form or x-and y-coordinate pairs at the rate of 60 Hz by an analog-to-digital converter in the data acquisition system.
Behavioral apparatus. The apparatus consisted of a four-arm radial maze elevated 70 cm above the floor (Fig. 2) . The maze had a central octagonal platform 12 cm on each side and four maze arms, each of which was 45 cm long, 10 cm wide, and had 6 cm angled sides at the end of each arm. The apparatus was surrounded by four 175-cm-wide dark blue curtains, each of which supported a distinct 30-to 90-cm-wide, complex contrasting pattern that served as a distal cue. The local cues were surfaces that overlaid the maze arms and were composed of coarse plastic mesh, sandpaper, fine wire mesh, or coarsely ridged rubber. In addition, each arm was sprayed daily with an aerosol of a common food odor (anise, coconut, strawberry, or peppermint). The maze was illuminated by four 12 V DC lights located symmetrically on a ceiling panel above the maze. White noise was delivered by two speakers on the ceiling panel. The curtained enclosure could be entered from either of two opposite corners.
Behavioral procedures. Although the tetrode was slowly moved toward CA1 over 1-2 weeks, the rats were trained to visit the ends of the arms and to return to the center by rewarding them with electrical stimulation to the lateral hypothalamus (0.5 trains/sec of 0.5 msec pulses at 100 Hz, 60 -200 A). The stimulus current was adjusted to the minimal level that kept the rat constantly moving. When this was achieved a working memory contingency was introduced such that rats received rewarding stimulation only when they ran to the end of an arm not previously visited on that trial. When all four arms had been visited, a new trial began immediately. All the rats adopted a stereotypic movement pattern that involved runs into adjacent arms, occasionally changing the direction of rotation among runs within a recording condition. As evident in the stereotypic arm choice pattern, the rats may not have used spatial memory to solve the task.
During recording sessions place fields of the isolated cells were first mapped with all the cues in the arrangement used during training; these are referred to below as the standard condition. Subsequently the presence and relative positions of distal and local cues were manipulated in probe trials (test conditions) to determine which stimuli controlled place cell activity. Data were collected continuously over 5-10 min for each condition (which contained 8 -16 trials), and the rat was placed in a round, covered bucket between conditions. Before a new condition the bucket was gently spun (four one-fourth to one-half turns to opposite directions) to disorient the rat. In addition, the start arm was alternated pseudorandomly, and the experimenter used two opposite corners to enter and leave the enclosure.
Five types of cue manipulations were used in test conditions that alternated with the standard condition: (1) in the double rotation condition all the distal cues were rotated 90°clockwise, and all the local cues were rotated 90°counterclockwise, or vice versa; (2) in the local scramble condition some or all of the local cues were exchanged randomly to disrupt their standard configuration; (3) in the distal scramble condition some or all of the distal cues were exchanged randomly to disrupt their standard configuration, and the local cues were rotated to determine whether the place field would subsequently become under the control of local or constant room cues; (4) in the local removal condition a single cue closest to the place field was eliminated, and a nontextured, nonodorous maze arm was used as a replacement; and (5) in the distal removal condition the distal cues near the arm with the place field were removed one at a time. A daily session thus consisted of several repetitions of the standard condition that alternated with the five test conditions. Histology. The nichrome electrodes contained 10% iron. At the end of the recordings the rats was deeply anesthetized with pentobarbital (60 mg/ kg, i.p.). The electrode tips were marked by passing 15 A anodal current for 10 sec to deposit iron into the tissue. The rat was perfused with saline followed by 4% formalin, 4% potassium ferrocyanide, and 4% glacial acetic acid. The brains were removed, carefully inspected for any gross pathology, and soaked in formalin followed by 30% sucrose. Standard 30 m frozen sections were cut, and the slices were stained with cresyl violet. The location of electrode tips were identified by the Prussian blue reaction, and the recording sites were determined by estimating distances along the electrode track associated with the microelectrode position at the time of the recording.
Data analysis. For each condition the spatial distribution of firing rates was calculated by dividing the maze into 3 ϫ 3 cm pixels and computing the firing rate for each pixel as the total number of spikes divided by the total time spent in that pixel. Firing rates were calculated only for periods when the rat was moving at least 2 cm/sec. A place field was defined as an area of at least three adjacent pixels each having a firing rate at least three times the grand mean rate (total number of spikes/total time spent moving in the maze) and a mean within-field (infield) firing rate at least five times the overall mean firing rate for that neuron.
The following place field parameters were calculated only for tetrodeisolated cells during the first standard condition for each daily recording session: number of fields, mean infield firing rate, mean place field area (in pixels), directional tuning, and spatial selectivity. To obtain a directional tuning score for a place field, firing rates were calculated separately for the rat's horizontal movement in eight directions. Directional tuning was calculated as the ratio of the maximum and minimum firing rates across all directions of movement observed at least once. Spatial selectivity was calculated as the log 10 of the ratio of the mean infield firing rate and the mean firing rate outside the place field (outfield rate). In cases of three or fewer multiple fields the infield/outfield ratio was calculated as follows: infield rate ϭ mean of mean rates for the place fields/combined area of all place fields; outfield rate ϭ outfield volume/outfield area ϭ (total volume Ϫ infield volume)/(total area Ϫ combined place field area), where infield volume ϭ infield rate ϫ combined place field area, and total volume ϭ grand mean rate ϫ total area visited. Some cells had very low outfield firing rates, so a cutoff for spatial selectivity was set to 5000 (and the corresponding log 10 was set to 3.70).
For all recordings the following parameters were calculated. For the first two standard conditions the spatial reliability of each place field was calculated as the number of visits to the place field with the neuron firing divided by total number of visits to the place field. When there was more than one place field for a cell, the spatial reliability of the neuron was calculated as the average reliability for each of its place fields. Spatial stability was calculated by first resetting the pixel size to 10.5 ϫ 10.5 cm and then computing the pixel-by-pixel cross-correlation of firing rates among three standard conditions. Firing onset delay was calculated as the number of runs to each of the arms before a run in which the neuron fires, averaged over the first two standard conditions plus the double rotation condition.
Unit responses to manipulations of the environmental stimuli were assessed by comparing the intensity and location of each place field with the preceding standard condition. The place field was considered fixed if a place field appeared in the same arm with an axial shift less than one-fourth of the arm length. The place field was considered rotated if a place field appeared in a different arm with an axial shift less than one-fourth of the arm length. New place fields were identified as firing meeting the criteria of a place field but not localized within the preceding constraints. The place field was considered to have disappeared if no field could be found in the original or rotated location. Using these criteria, four different overall types of responses to cue manipulations were scored: (1) no change if the place field was fixed, (2) rotation with distal cues if the location of the place field corresponded to the new location of one or more distal cues, (3) rotation with local cues if the location of place field corresponds to the new location of one or more local cues, and (4) new representation if the place field disappeared or any new place fields appeared in a location that did not correspond to the positions of fixed, distal, or local cues; in situations in which multiple responses were observed, this category superseded all the others. When the activity of a place cell totally ceased in a test condition, it usually returned in the following standard condition. If the activity of the cell could not be detected in any of the following conditions of the session, the cell was regarded as lost, and the disappearance of the field was not counted as a response. Furthermore, it was determined whether the frequency of these four responses in place fields changed across repeated testing sessions. The effect of repetitive daily sessions was analyzed by dividing all sessions into three blocks that had an approximately equal number of cells in each group (block 1, sessions 1-4; block 2, sessions 5-8; and block 3, sessions 9 -15) and comparing the proportions of the above-mentioned responses among these blocks.
Statistical comparisons. The data were analyzed using two kinds of comparisons between the experimental groups. In between-cells comparisons, the data from all cells within each experimental group were pooled across subjects. This analysis used the assumption that neuronal firing patterns were sampled independently from the same heterogeneous population in all subjects from a particular group. This approach is optimally sensitive to group differences but carries the risk that aberrant firing properties in one animal with many recorded neurons can bias the characterization of the entire experimental group. In separate betweensubjects comparisons, observations on the neurons recorded in each animal were averaged for each session block (Table 1 ). This analysis is sensitive to differences between subjects in information coding but carries the risk that subjects with only a few recorded cells can distort the group average. Furthermore, this analysis is far less sensitive to group differences than the between-cells comparison because of the small number of subjects in each group. To gain the advantages of both methods of analysis and to balance the risks, the results are presented using both approaches.
The between-cells and between-subjects comparisons for all basic firing properties were performed with ANOVA using subject group, hippocam- pal cell layer (CA1 or CA3), and session block as main factors. Because the effect of cell layer was not significant for any parameters, the data from CA1 and CA3 were pooled for all subsequent tests. Whenever the ANOVA yielded significant effects of the group or session block, a post hoc analysis was performed using Duncan's test with the significance level set to p Ͻ 0.05. In addition, firing onset delays were also assessed by calculating the delay separately for each place field and dividing the scores into three latency categories, allowing us to compare group differences in the numbers of place fields that began firing at different times. This between-fields comparison was performed using a 2 test. Between-cells comparisons were also performed to determine group differences in the distribution of responses to the cue manipulations. Potential changes in the distribution of responses associated with repeated environmental manipulations among the three session blocks were determined using 2 tests in separate between-cells comparisons for each experimental group. Between-subjects comparisons of responses to environmental manipulations were made using a repeated measures ANOVA for four different response types using group and session block as factors. If the distribution of responses differed significantly among the groups or between the session blocks, each response type was further analyzed with a one-way ANOVA followed by Duncan's tests to detect differences between each pair of groups.
RESULTS
Data were collected from 111 complex spike cells (45 CA1 and 66 CA3) from four old rats characterized as impaired in spatial learning ability, 104 cells (64 CA1 and 40 CA3) from three old rats who had performed as well as young rats in spatial learning, and 146 cells (73 CA1 and 73 CA3) from seven young rats. A preliminary description of the firing properties of the cells in the young rats has been compiled in another report (Shapiro et al., 1995) . All well isolated neurons in each subject group had spatially localized activity, or place fields, during some phase of testing. Typical place fields and changes in spatial firing patterns corresponding to the environmental manipulations are shown in Figure 3 .
Comparison of basic place field parameters
Basic place field parameters were calculated for standard conditions in the highly familiar environment. These analyses showed only modest alterations associated with aging in the number and quality of place fields, although some place field parameters changed substantially across repeated testing sessions.
Between-cells comparisons (Table 1) revealed that aged rats had a greater number of place fields per complex spike cell during the first standard condition [F (2,301) ϭ 9.9; p Ͻ 0.001]. Across groups the number of fields decreased across session blocks [F (2,301) ϭ 19.7; p Ͻ 0.001], but the group ϫ session interaction was not significant. Field areas did not differ between the groups but decreased significantly across sessions [F (2,258) ϭ 12.9; p Ͻ 0.001]. The memory-impaired aged rats had larger place fields than did the other groups during the first block, but this difference disappeared during the subsequent blocks [for group ϫ session interaction, F (4,258) ϭ 2.9; p Ͻ 0.05]. Infield rate and directional tuning did not differ between the groups or among sessions. Spatial selectivity did not differ between the groups but increased greatly toward the end of the experiment in all groups [F (2,255) ϭ 41.5; p Ͻ 0.001; Figure 4 ]. Spatial reliability differed between the groups, such that it was highest in memory-impaired aged rats [F (2,340) The number of trials to firing onset ranged between 1 and 16 (the cutoff) for different place fields. The distribution of firing onset latencies was unimodal in all groups, having its peak at the first trial. To elucidate further the differences between the experimental groups, the firing onset latencies in standard conditions for each place field (some cells had more than one place field) were divided into three groups: (1) short, one trial or less; (2) intermediate, two or three trials; and (3) long, four or more trials. The consequent distribution of firing onset latencies differed significantly between the experimental groups ( 2 ϭ 15.9; p ϭ 0.003). The memory-impaired aged rats had more of the shortest and fewer of the longest firing onset latencies (Fig. 5 ) than did the young ( 2 ϭ 15.8; p Ͻ 0.001) and memory-intact aged rats ( 2 ϭ 6.5; p Ͻ 0.05).
Responses to environmental manipulations
In the double rotation condition, small and roughly equivalent proportions of hippocampal cells in young rats had place fields that followed either the distal (30.6%) or local (17.3%) cues or remained unchanged and associated with the constant room cues (9.6%; Fig. 6 ). The remaining predominant proportion of the cells (42.3%) developed qualitatively new and different spatial firing patterns such that the place field either moved to a new location inconsistent with the stimulus rotations or disappeared or new place fields appeared, indicating that the hippocampus of young rats predominantly encoded the full configuration of distal and local cues. By contrast, most place fields (76.8%) of memoryimpaired aged rats rotated strictly with the distal cues. A smaller proportion of cells (18.3%) developed a new spatial firing pattern, and almost no cells (2.8%) were controlled by local or constant room cues. In aged rats with intact memory the pattern of information coding was intermediate between that of young rats and memory-impaired aged rats for this and other types of test conditions described below (Fig. 6) .
A 2 analysis of the between-cells comparisons revealed a highly significant difference in the distribution of the four response categories among the experimental groups ( 2 ϭ 83.4; p Ͻ 0.00001) and between each pair of groups (all p Ͻ 0.01). The between-subjects comparison using ANOVA revealed a signifi- A closer examination of responses classified as new representations during the double rotation condition revealed other differences among the experimental groups. New representations were divided into three subcategories: (1) disappearance of the place field that was present during the preceding standard condition with no substituting new field (which usually implicated turning off the neuron), (2) rotation with enhancement of an initially weak place field, and (3) appearance of a new field. An example of a place field that disappears in the double rotation is presented in Figure 7A . Some place fields that appeared for the first time during the double rotation condition on closer examination are better characterized as a variant of rotation with distal cues. Cells in this subcategory, called rotation with enhancement, were almost silent during the first standard condition but had a constant field in the following standard conditions. Strictly following our protocol that compares the firing patterns after each manipulation with those on the preceding standard condition leads to categorization of these responses as new place fields. However, comparison between double rotation and any of the following standard conditions showed that these fields retain their axial location and only rotate with the distal cues. Moreover, those few spikes that occurred during the first standard condition fell within the same location in which a place field was situated in the following standard conditions (Fig. 7B) . It seemed that minimal firing of those cells apparent during the first standard condition became enhanced during altered configurations of the cues in subsequent test conditions. Alternatively, a place field that appeared during double rotation was classified as a new field if it differed from the field in the standard condition in its axial location in the maze arm by more than one-fourth of the arm length (Fig. 7C) . Sometimes the new place field could be seen Figure 3 . A, Schematic diagrams of the radial maze with the standard configuration of distal and local cues, as well as those for a double rotation condition. The locations of distal cues are indicated by letters, and those of the local cues are portrayed as different patterns on the maze arms. The mean firing rate within the place field and spatial selectivity ratio (S, see B) are indicated for each panel. B, Spatial firing patterns of a typical hippocampal neuron in a young rat. This cell had a distinct place field in one area during standard conditions and two place fields during the double rotation condition. Gray areas indicate pixel locations outside the place field visited on at least three observations; black areas identify pixels included in the place field(s). C, Spatial firing patterns of a typical hippocampal neuron in a memory-impaired aged rat. The place field rotated in correspondence with the distal cues in the double rotation condition. D, Overlapping action potential waveforms recorded from across the four tetrode channels for each cell.
together with a rotated place field, confirming that the new place field was indeed a new representation and not one that rotated with some axial shift (Fig. 3B) . In the aged rats the majority of responses involved disappearance of the place field and relatively few cases involved rotation with enhancement or appearance of a new field (Fig. 8) . By contrast, in the young rats, about half of the responses involved appearance of a new field. A between-cells comparison revealed a significant group difference in the distribution of these subcategories of new representations ( 2 ϭ 15.2; p Ͻ 0.01). The between-subjects comparison also showed a significant group difference in the proportions of new fields [F (2,30) ϭ 4.2; p ϭ 0.02]. In the post hoc test, only memory-impaired aged rats differed from the young rats ( p Ͻ 0.05).
Additional test conditions were presented in which the spatial configuration of either the distal or the local cues was topographically reorganized or "scrambled" (Fig. 6) . In young rats, the largest proportion of the cells responded by developing new firing patterns when either the distal or the local cues were scrambled, indicating that the predominant spatial representation involves the configuration of both types of cues. In memory-impaired aged rats the response pattern was similar to that of young rats only when the distal cues were scrambled. Conversely, by contrast to young rats, firing patterns of the majority of cells in memoryimpaired aged rats did not change when the local cues were scrambled.
In the between-cells analysis, on the distal scramble condition the distribution of responses differed significantly among the three experimental groups ( 2 ϭ 17.3; p Ͻ 0.01) and between the memory-impaired aged rats and the other two groups (memoryimpaired vs young, p Ͻ 0.05; memory-impaired vs unimpaired, p Ͻ 0.01). On the local scramble condition responses differed among the three experimental groups ( 2 ϭ 31.0; p Ͻ 0.00001) and between young and aged rats ( young vs memory-impaired, p Ͻ 0.00001; young vs unimpaired, p Ͻ 0.01), but the two groups of aged rats did not differ. In a between-subjects analysis, the distribution of responses did not differ between the experimental groups on distal scramble conditions but did differ on the local scramble condition [F (4,48) ϭ 4.7; p Ͻ 0.01]. The one-way ANOVA revealed a significant group difference in the number of "no change" [F (2,32) ϭ 3.8; p ϭ 0.03] and "new representation" [F (2,32) ϭ 5.5; p ϭ 0.01] responses. Young rats differed from memory-impaired aged rats in both cases (Duncan's test, p Ͻ 0.05). These findings confirm the disproportionate representation of distal cues associated with aging and memory impairment and show that hippocampal cells encoded the spatial configuration of the distal cues even in memory-impaired aged rats. Only when the configuration of distal spatial cues was disrupted did memoryimpaired aged rats use local or constant room cues to the same extent as young rats (Fig. 3C) , indicating that aged rats can successfully use the local cues to guide behavior.
To determine whether hippocampal cells in aged rats were more likely to be controlled by a single cue rather than the overall configuration of cues, we also presented test conditions in which a particular distal or local cue was deleted. In young rats a surprisingly large proportion of cells developed a new firing pattern when a single distal or local cue was deleted (Fig. 6) , indicating, contrary to previous characterizations of place cells Figure 4 . Changes in spatial selectivity over blocks of daily recording sessions. Selectivity is measured as the log 10 of the ratio of firing rate inside the place field and the average firing rate outside the place field. Thus, for example, a score of 1 reflects a 10:1 spatial selectivity, and a score of 2 reflects a 100:1 spatial selectivity (session blocks: 1, sessions 1-4; 2, sessions 5-8; 3, sessions 9 -15). Spatial selectivity increased toward the end of the experiment similarly in all groups. (O' Keefe and Conway 1978) , that hippocampal spatial representations depend on single cues even in environments with many spatial cues. In aged rats, the same proportion of cells developed a new spatial representation when either a distal cue or a local cue was deleted, as did cells in young rats. In the between-cells analysis, responses did not differ significantly between young and aged rats on either the distal removal condition ( 2 ϭ 3.7) or the local removal condition ( 2 ϭ 5.2). Neither did between-subjects analysis yield any difference between the groups in either distal removal [F (2,16) 
Plasticity of the spatial representation
The pattern of hippocampal spatial representations changed over the course of repeated alternations of standard and test conditions in young and memory-intact but not in memory-impaired aged rats. In Figure 6 . Changes in spatial firing patterns of hippocampal neurons during test conditions. For each type of manipulation the change in the hippocampal representation is quantified by the proportions of cells that responded in one of four different ways: no change in the spatial coding, rotation of the place field corresponding to the new distal cue positions, rotation of the place field corresponding to the new local cue positions, or one of several types of new spatial representation. The predominant proportion of cells in young rats responded to double rotation and local scramble by developing new representation, whereas the vast majority of cells in aged memory-impaired rats were following distal cues in both situations. The response pattern of aged memory-intact rats was intermediate but closer to that of young than aged memory-impaired rats. When distal cues were either rotated or scrambled a substantial minority of cells in the young and memory-intact aged rats had fields that maintained a fixed position with the constant room cues, whereas practically all cells in aged memory-impaired rats had changes in their place fields. Conversely, the groups did not differ in their responses to a single cue removal.
young and memory-intact aged rats across blocks of double rotation conditions the proportions of rotated fields decreased, whereas the proportions of cells that were controlled by the constant room cues or developed a new representation increased (Fig. 9) . The betweencells comparison revealed a change in the distribution of responses across the three session blocks for young rats ( 2 ϭ 19.7; p Ͻ 0.01) and memory-intact aged rats ( 2 ϭ 20.9, p Ͻ 0.01), but not for memory-impaired aged rats ( 2 ϭ 3.0; p Ͼ 0.10). In the betweensubjects comparison, ANOVA revealed a significant interaction between the response type and session block [F (6,72) ϭ 2.6; p ϭ 0.03], but the three-way interaction involving response type, group, and session block was not significant [F (12,72) ϭ 0.45] because of large variation within groups.
Thus in young rats the hippocampal representation becomes less sensitive to frequently changing cues and either comes under the control of the consistent room cues or develops a qualitatively different coding of the double rotation environment. By contrast, in memory-impaired aged rats the spatial representations did not change with this experience; their place fields remained predominantly under the control of distal cues throughout testing. Aged rats that were unimpaired in spatial learning began with few cells showing new representations after the double rotation, as in memory-impaired rats. However, after substantial experience, a significant proportion of cells in aged memory-intact rats developed new representations, similar to young rats, albeit not to the same extent. A, Disappearance of a field in response to double rotation and local scramble. The top row of firing maps illustrates the raw firing rates, and the bottom row of maps illustrates the computed place fields. During the first standard condition this cell had a circumscribed place field at the end of arm 3. During the double rotation condition this cell practically turned off. The place field reappears during standard condition 2 but disappears again during the local scramble condition. During the distal scramble condition the firing volume (rate ϫ area) was reduced to only 20% of the preceding standard condition, but a place field could still be determined. The new location of the place field corresponded to a rotation with the local cues that rotated 90°c lockwise. This cell was recorded in an aged memory-intact rat. B, Rotation with enhancement after double rotation and manipulations. The top row of firing maps illustrates the raw firing rates, and the bottom row of maps illustrates computed place fields. There was some occasional firing at the end of arm 2 during the first standard condition that did not reach the criterion for a place field (only 2 pixels with maximum firing rate of 0.48 spikes /sec). In the double rotation condition a field appears (12 pixels with maximum firing rate of 12.95 spikes /sec) that is consistent with the original subthreshold field but rotated with the distal cues. During the second standard condition, firing returned to the original location, and now the firing has been intensified from the first standard condition to meet the criterion for a firing field (4 pixels with maximum firing rate of 4.61 spikes /sec). Note that the firing volume during the double rotation and local scramble conditions was more than four times the volume during standard condition 2 (and the following standard conditions; not shown). This cell was recorded in an aged memory-impaired rat. C, Appearance of a new field during rearrangements of the cues. The top row of firing maps illustrates the raw firing rates, and the bottom row of maps illustrates computed place fields. During the first standard condition this cell had a circumscribed place field at the end of arm 3. During the double rotation condition a new field appeared in the middle of arm 3. During the second standard condition, the place field can be seen in its original place. During the local and distal scramble conditions the new field reappears, and its location is determined by the combination of arm 4 counterclockwise to distal cue B, as was the case during the double rotation condition. This cell was recorded in a young rat. A, Place field area (pixels); R, infield firing rate (spikes /sec).
Additional behavioral test for olfaction
Finally, to test whether indifference of aged place cells to local cue scramble could be attributable to impaired olfaction in these rats, four of the aged rats were tested in a simple olfactory discrimination task (Zyzak et al., 1995) . Two old memory-intact rats discriminated 95% correctly with undiluted odors, 80% correctly with 1:10 dilutions, and 85% correctly with 1:100 dilutions. Corresponding performances for two memory-impaired rats were 100, 95, and 85%, respectively. The performances of old animals were essentially the same as those of a group of young rats from the same batch (89, 89, and 90% correct, respectively) . Thus it is highly unlikely that impaired olfaction made the undiluted odor cues on the maze less prominent for the aged rats than for their young counterparts.
DISCUSSION
The present study confirms the earlier reports that the hippocampal place fields of aged rats are similar in basic firing properties to those of young animals (Barnes et al., 1983; Mizumori et al., 1996) . Age-related alterations in the spatial specificity of CA1 and hilar (CA3c) place cells have been observed before, but the results of separate studies conflict. Barnes et al. (1983) found less specific and less reliable firing of CA1 complex spike cells in aged animals, whereas Mizumori et al. (1996) found that CA1 cells in aged rats had increased spatial and directional specificity, whereas hilar cells showed decreased spatial and directional coding. In the present study spatial selectivity, reliability, and directional specificity did not differ significantly between the groups and, to the extent that any trend was reflected in the group differences, place fields in the memory-impaired aged rats showed the greatest spatial specificity, reliability, and directionality. However, the current results show that place cells of aged rats tend to have multiple fields more often than do cells of young rats, although the number of place fields per complex spike cell did not correlate with spatial learning ability. In addition, contrary to one previous report (Mizumori et al., 1996) , no differences in firing properties between CA1 and CA3 cells were observed in this study.
Although place fields of memory-impaired aged rats are similar to those of young rats in these quantitative aspects of their firing patterns, the present findings suggest that other qualities that reflect the underlying information processing change considerably with age and declining performance. We expected to find that place cells in young animals would be primarily under the control of distal cues, whereas those in aged rats would be primarily under the control of local cues, a distinction made in comparisons of place cell responses to environmental manipulations in intact young rats versus young rats with direct damage to hippocampal connections (Miller and Best, 1980; Shapiro et al., 1989 ). Thus we were surprised to observe that most cells in young rats were equally controlled by distal, local, and constant room cues, whereas most cells in memory-impaired aged rats responded selectively to distal cues. Indeed, the complex spike cells of memory-impaired aged rats could be characterized as "ideal" place cells in that they were almost completely under the control of distal cues, were little affected by removal of any single distal cue, and were disrupted when the relationships between distal cues were altered (O'Keefe and Conway, 1978) .
The lack of control by local cues on place cell firing in aged animals cannot be explained simply by an inability to perceive the Figure 9 . Changes in spatial representations over the course of repeated testing with standard and test conditions. Changes in the distribution of the four types of responses to double rotation (see Fig. 6 ) over the course of three consecutive blocks of four to six recording sessions each are shown. In young and aged memory-intact rats the proportion of cells that respond to cue manipulations by field rotations decreases toward the end of the experiment, whereas the proportion of cells that are controlled by constant room cues or develop new representation increases. In contrast, there were no significant differences in response types across session blocks in aged memory-impaired rats. local cues. When single local cues were removed, place fields were changed in about one-third of the cells in both young and aged rats. Moreover, when the relationships between distal cues were scrambled, place fields of memory-impaired aged rats often followed the local cues rather than a particular distal cue, although the influence of a single distal cue cannot completely be ruled out, because one distal cue always rotated with the local set. These results and earlier findings (Zyzak et al., 1995) indicate that the old animals have no difficulty in detecting and using local olfactory cues. Distal cues are certainly sufficient to solve spatial problems (Morris, 1984; O'Keefe and Speakman, 1987) and would provide information for guiding movements from any location in a large environment, and this would not be true of local cues perceived only in particular parts of the maze. Thus the representational strategy of aged rats can be characterized as a selective encoding of the most consistently available or predictive spatial cues. In young rats, the hippocampus encodes and integrates more information than "needed," including a broader range of cues than required for task solution, and this integration of a broad scope of cues is lacking in some aged animals.
Rats have been shown to use two different strategies for spatial navigation: coding of the relative positions of distal landmarks and path integration, that is, keeping track of the animal's position by integrating self-motion information (McNaughton et al., 1996) . It has been suggested that the place fields in a new environment are primarily based on path integration, and the role of distal landmarks is to correct the gradual error that accumulates. After repeated exposure to the environment the place fields become more and more under the control of distal landmarks, which results in "focusing" of the place fields, that is, increasing their spatial selectivity (Austin et al., 1993; Wilson and McNaughton, 1993; McNaughton et al., 1996) . The present finding of increased spatial selectivity standard conditions toward the end of the experiment in both young and aged rats suggests that this aspect of spatial processing is intact in aging. However, as demonstrated in our accompanying paper (Tanila et al., 1997) , this focussing of place fields may take more time in aged memory-impaired rats than in memory-intact ones. Moreover, the present observation that place cells of memory-impaired aged rats began firing significantly earlier in the testing episode suggests that less processing of the relationships among the environmental cues may be done before the place cell fires in memory-impaired aged animals. Possibly the decreased processing time reflects the failure to encode more than the most prominent (distal) cues.
Although a subset of aged rats are impaired in spatial learning, they gradually improve across trials and eventually perform clearly above the chance level (Barnes, 1988; DeToledo-Morrell et al., 1988; Gage et al., 1988; Gallagher et al., 1995) . The present findings suggest that this memory deficit is not attributable to the loss of hippocampal neurons that encode environmental cues but, rather, to the selective nature of the information stored and a diminished plasticity of the spatial representation. Previous studies of cognitive aging have focused on the loss of cells, synapses, synaptic plasticity, and other forms of anatomical or physiological compromise (Barnes, 1988; DeToledo-Morrell et al., 1988; Gage et al., 1988; Gallagher et al., 1995; Grady et al., 1995) . The present findings suggest that age-associated memory loss may also be the consequence of a different form of neural representation that occurs with aging and not of a loss of neurons responsive to sensory cues, consistent with recent observations of no hippocampal cell loss in aging rats (Rasmussen et al., 1996) , monkeys (Rapp and Gallagher, 1996) , or humans (West, 1993) .
At this point it remains speculative how the documented changes in hippocampal circuitry in aged rats result in altered neural representation of the environment. There is both anatomical (Geinisman and Bondareff, 1976) and physiological (Barnes and McNaughton, 1980) evidence that the dentate granule cells in aged rats receive up to one-third fewer afferents from the entorhinal cortex than in young rats. The role of the dentate gyrus in the hippocampal circuitry has been suggested to provide CA3 pyramidal cells with sparsely coded, distributed representation of the environment (Jung and McNaughton, 1993) . With loss of afferent input this representation of all available environmental cues and their spatial relationships may be defective, which results in coding only for the most prominent cues, which was seen in our aged memory-impaired rats. With the intact CA3 recurrent collateral system enabling pattern completion (Rolls, 1990) , the aged memory-impaired rats could still create a representation of the whole environment. In other words, they are seeing what they remember rather than remembering what they see. Another factor favoring pattern completion at the cost of processing new incoming information may be reduced cholinergic innervation of the hippocampus in aged rats . According to the hypothesis of Hasselmo and Schnell (1994) , acetylcholine turns off pattern completion. Finally, altered neuronal plasticity mechanisms such as defective function of glutamatergic NMDA receptors reported in the aged rat hippocampus (Barnes et al., 1994) could have accounted for the lack of plasticity in the spatial representation over repeated changes in the environment. Future studies challenging the hippocampus with specific pharmacological agents or using appropriate mutant mice could eventually point out those changes in the aging hippocampus that lead to the observed change in the encoding of spatial information with age.
